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The possible supersymmetric contribution to e'/e has been 
generally regarded small in the literature. We point out, 
however, that this is a result based on specific assumptions, 
such as universal scalar mass, and in general needs not to 
be true. Based on a general situation, (1) hierarchical quark 
Yukawa matrices protected by flavor symmetry, (2) generic 
dependence of Yukawa matrices on Polonyi/moduli fields as 
expected in many supergravity/superstring theories, (3) Ca- 
bibbo rotation originating from the down-sector, and (4) 
phases of order unity, we find the typical supersymmetric con- 
tribution to e'/e to be order 3 x 10~ 3 for m 9 - = 500 GeV. It 
is even possible that the supersymmetric contribution domi- 
nates in the reported KTeV value e'/e = (28 ±4.1) x 10" 4 . If 
so, the neutron electric dipole moment is likely to be within 
the reach of the currently planned experiments. 



CP violation is the least understood aspect in the prop- 
erties of the fundamental particles besides the mechanism 
of the electroweak symmetry breaking. The so-called "in- 
direct CP violation" e in the neutral kaon system has 
been known for three decades as the only evidence that 
there is a fundamental distinction between particles and 
anti-particles. This year, however, produced two new 
manifestations of CP violation: sin 2/3 from B — > ipK s 
at CDF |Q, even though the evidence is still somewhat 
week, and a beautiful measurement of "direct CP vio- 
lation" e'/e in neutral kaon system from KTeV The 
latter confirmed the previous evidence reported by NA31 
H at a much higher accuracy and excludes the so-called 
superweak model of CP violation. The reported num- 
ber, e'/e = (28 ± 4.1) x 1CT 4 [|[ was, however, some- 
what surprisingly large. The standard model prediction 
is currently controversial (see Table |) and is dominated 
by theoretical uncertainties in quantities such as the non- 
perturbative matrix elements and the strange quark mass 
m s . Given this situation, one cannot interpret the KTeV 
data reliably; in particular, it is not clear if the data is 
consistent with the standard model (see also for a recent 
discussion in @). 

On the other hand, the standard model is believed to 
be only an effective low-energy approximation of funda- 
mental physics. This is largely because it lacks a dynam- 
ical explanation of the mechanism of electroweak symme- 



try breaking and suffers from a serious hierarchy problem 
that the electroweak scale is unstable against radiative 
corrections. The best available simultaneous solution to 
both of these problems is supersymmetry. Therefore, it 
is a natural question to ask if supersymmetry gives a siz- 
able contribution to e'/e given a precise measurement. 
The experimental sensitivity to a possible supersymmet- 
ric contribution is currently plagued by the theoretical 
uncertainties mentioned above, but we can expect them 
to be resolved or at least alleviated eventually by im- 
provements in particular in lattice QCD calculations. It 
is therefore timely to reconsider the supersymmetric con- 
tribution to e'/e. 

In this letter, we revisit the estimate of e'/e in super- 
symmetric models ||. The common lore in the litera- 
ture is that the supersymmetric contribution to e'/e is in 
general rather small. We point out, however, that this 
lore is largely based on the specific choice of supersym- 
metry breaking effects sometimes called minimal super- 
gravity framework Jl6[ ]. A more general framework of 
flavor structure tends to give a relatively large contribu- 
tion to e'/e in a wide class of models. The assumptions 
are: (1) hierarchical quark Yukawa matrices protected 
by flavor symmetry, (2) generic dependence of Yukawa 
matrices on Polonyi/moduli fields as expected in many 
supergravity/superstring theories, (3) Cabibbo rotation 
originating from the down-sector, and (4) phases of or- 
der unity. In fact, there is even an intriguing possibility 
that the observed e'/e is mostly or entirely due to the 
supersymmetric contribution. 

To discuss the CP violating effects induced by loops 
of supersymmetric particles, it is convenient to intro- 
duce the mass insertion formalism The Yukawa 
matrices are couplings in the superpotential W = 

H u are Higgs 
The expectation val- 
ues {H u ) = vsva. (3/^/2 and (Hd) = v cos /3/V2 gen- 
erate quark mass matrices M u — V"wsin (3/^/2 and 
M d = Y d vcosf3/y/2. They are diagonalized by bi- 
unitary transformations M u = V^*dia,g(m u ,m c ,mt)V^ 
and M d = V d *dia,g(m d , m s , nib) Vr> an d the Cabibbo- 
Kobayashi-Maskawa matrix is given by V£*Vg. The 
squarks have chirality-preserving mass-squared matrices 
C D -QtiMtyijQj - Ut(M%)ijUj ~ DmDijDj and 
chirality-violating trilinear couplings 
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C D -Q l (A d ) i3 DjH d - QiiA^UjHv where H d , H u 
are Higgs doublets. The Higgs expectation values gen- 
erate the left-right (LR) mass-squared matrix = 
A v sin (3/y/2 and M 2 LR = A u v cos /3/V2. The conve- 
nient basis to discuss flavor-changing effects in the gluino 
loop diagrams is the so-called superCKM basis ||. In 
this basis the relevant quark mass matrix is diagonalized 
(say, M d ) and the squarks are also rotated in the same 
way, Ml - V^MlVt M% - V$M%V*, and - 
t V^M^' R V R . Flavor-changing effects can be estimated by 
insertion of flavor-off-diagonal components of the mass- 
squared matrices in this basis. By normalizing the off- 
diagonal components by average squark mass-squared 
mf, we define (S d LL ) l3 = (Vfjl^V^y/mf, (8 d RR ) l3 = 

(ygMZVfiy/ml and (S d LR ) l3 = (% rf M^V^/m§. 

The supersymmetric contributions due to gluino loops 
to neutral Kaon parameters (ArriK)suSY , csusy and 
(e' / e )suSY have been calculated, and have been used to 
place bounds on mass insertion parameters |ic|j . The 
values of the mass insertion parameters which saturate 
the observed numbers of Amx, e and e'/e are tabulated 
in Table ||, after updating the numbers in Ref. [ pr| . 
These numbers are subject to theoretical uncertainties 
in QCD corrections and matrix elements at least of or- 
der a few tens of percents (this is at least what is ob- 
tained for the AS = 2 transitions Barring possi- 
ble cancellations with the standard-model amplitudes as 
well as with the other SUSY contributions (i.e., chargino 
and charged Higgs exchages), the mass insertion pa- 
rameters have to be smaller than or at most compara- 
ble to the entries in the Table. Stringent bounds on 
(6 12) ll from ArriK and e have been regarded as a prob- 
lem in supersymmetric models. A random mass-squared 
matrix of squarks would lead to a large (Sf 2 )LL which 
overproduce Amx or e. Usually an assumption is in- 
voked that the squark mass-squared matrix is propor- 
tional to the identity matrix (universality), at least for 
the first- and second-generations (alternatively one can 
invoke an alignment of the quark and squark mass ma- 
trices JliJ). Even when such an assumption is made 
at the Planck scale, radiative effects can induce {5 d 2 )LL 
and hence over produce Amx or e. Once the bounds 
are satisfied, however, the supersymmetric contribution 
to e 1 tends to be rather small: Amu and e require 
\(S&)ll\ = ((Re(<5f 2 )|J 2 + (Im^fJ 2 ) 1 /* < 0.019- 
0.092, which is much smaller than the corresponding 
bounds from e'/e, \lm(5 d 2 ) LL \ < 0.10-0.27 Q. This fact 
led to a common wisdom that the supersymmetric contri- 
bution to e' is in general small. For the rest of the letter, 
we simply assume that (6fj)i,L parameters are under con- 
trol by some mechanisms such as a flavor symmetry and 
do not go into any further discussions. 

However, the contribution from (S d 2 )LR can be impor- 
tant; even |Iui(^f 2 )ij?J ~ 10~ 5 gives a significant contri- 
bution to e'/e while the bounds on [5f 2 )LR from Amx 



and e are only about 3 x 10 -3 and 3 x 10~ 4 , respec- 
tively. Actually, one can even imagine to saturate both 
e and e'/e at the borderline of the current limits [ p^[ . 
Therefore, whether the supersymmetric contribution to 
e'/e can be important is an issue of how large {5f 2 )LR. is 
expected in supersymmetric models rather than that of 
phcnomcnological viability. 

What is the general expectation on the size of {5i 2 )lr ? - 
The common answer in the literature to this question is 
that it is very small in general, and hence the supersym- 
metric contribution to e' has been regarded small as well. 
This is indeed the case if one assumes that all soft super- 
symmetry breaking parameters are universal at Planck- 
or GUT-scale where (S d 2 )LR is induced only radiatively 
at higher orders in small Yukawa coupling constants of 
first and second generation particles |l(J. However, the 
universal breaking is a strong assumption and is known 
not to be true in many supergravity and string-inspired 
models 17 . On the other hand, the LR mass matrix 
has the same flavor structure as the fermion Yukawa ma- 
trix and both in fact originate from the superpotential 
couplings. Our theoretical prejudice is that there is an 
underlying symmetry (flavor symmetry) which restricts 
the form of the Yukawa matrices to explain their hierar- 
chical forms. Then the LR mass matrix is expected to 
have a very similar form as the Yukawa matrix. More pre- 
cisely, we expect the components of the LR mass matrix 
to be roughly the supersymmctry breaking scale (e.g., 
TO3/2) times the corresponding component of the quark 
mass matrix. However, there is no reason for them to 
be simultaneously diagonalizable based on this general 
argument. In general, we expect the size of (Si 2 )lr to be 



(S d 12 )LR 



(1) 



To be more concrete, one can imagine a string-inspired 
theory where the Yukawa couplings in the superpotential 
W = Y d j{T}Q l Di Hd are in general complicated functions 
of the moduli fields T. The moduli fields have expecta- 
tion values of order string scale (T) which describe the 
geometry of compactified extra six dimensions. The low- 
energy Yukawa couplings are then given by their expec- 
tation values Y d ^((T)). On the other hand, the mod- 
uli fields in general also have couplings to fields in the 
hidden sector and acquire supersymmetry-breaking F- 
component expectation values Ft ~ "1-3/2 i n the Planck 
unit Mpi = ^/8tt. This generates trilinear couplings given 

by @ 



C D 



dY d - - 
-^(F T )QWH dl 



(2) 



which depend on a different matrix dY^/dT. Due to 
holomorphy, flavor symmetry is likely to constrain 
and its derivative to be similar while they in general do 
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not have to exactly proportional to each other and hence 
are not simultaneously diagonalizable. 

In order to proceed to numerical estimates of {Sf 2 )LR, 
we need to specify if the quark mixings come from up- 
or down-sector. In general, attributing mixing to up- 
sector gives smaller flavor-changing effects and receive 
less constraints On the other hand, historically the 
Cabibbo angle has been often attributed to the down 
sector because of a numerical coincidence V us — sin 9c = 
0.22 ~ yj m,d/m s . For our purpose, we pick the latter 
choice, which fixes the form of the mass matrix for the 
first and second generations to be 

Md ^(m d m s V us \ (3) 

where the (2,1) element is unknown due to our lack of 
knowledge on the mixings among right-handed quarks. 
Based on the general considerations on the LR mass ma- 
trix above, we expect 

2,d ( am d bm s V us \ ,.n 

™£ R ^m 3/2 ^ j, (4) 

where a, 6, c are constants of order unity. Unless 
a = b = c exactly, Md and m 2 £ R are not simultaneously 
diagonalizable and we find 

,, d \ n% 3/2 m s V ua 

\ d l2)LR ^ 2 

— s (^)(^f)(^)- (« 

It is interesting to see that (6f 2 )LR of this naive dimen- 
sional estimate gives the saturation of the bound from 
e'/e (see Table ||) if it has a phase of order unity. 

The key-point of the above example is that the large 
value of e'/e of the KTeV and NA31 experiments can 
be accounted for in the supersymmetric context with- 
out particularly contrived assumptions on the size of the 
(6f 2 )LR mass insertion with the exception of taking it to 
have a large CP violating phase Jl9[ . 

One may wonder if typical off-diagonal elements in 
{Sfj)LR may be already excluded from other flavor- 
changing processes. For instance, (S 23 )lr is constrained 
by b -> S7 to be less than l-3xl0~ 2 0. This is to be 
compared to the estimate (S 23 )lr ~ "13/2^6 V c b/rn~ ~ 
2 x 10~ 5 . The constraint from b — > sl + l~ is similarly in- 
significant |Q . Constraints from the up sector are much 
weaker. 

It is tempting to speculate that the observed e'/e may 
be dominated by (Sf 2 )LR contribution. The estimate in 
Eq. (H) requires 7713/2 ~ to§ and an 0(1) phase. Be- 
cause m? acquires a positive contribution from gluino 
mass in the renormalization-group evolution while off- 
diagonal components in LR mass matrix don't, such a 
scenario would prefer models where the gaugino mass is 



somewhat smaller than scalar masses (assumed also to be 
0(m 3 / 2 )). An important implication of supersymmetry- 
dominated e'/e is that neutron electric dipole moment 
(EDM) is likely to be large. The current limit on neu- 
tron EDM d n < 11 x 10 _26 ecm constrains \lm(Sf 1 )LR,\ < 
(2.4,3.0,5.6) x 10~ 6 for m?/m| = 0.3,1.0,4.0, respec- 
tively, with a theoretical uncertainty of at least a factor 
of two, while our estimate gives (Sf^LR ~ , m 3 / 2 md/m'~ ~ 
3 x 10 -6 . It would be interesting to see results from near- 
future experiments which are expected to improve the 
limit on d n by two orders of magnitude. 

One may extend the discussion to the lepton sec- 
tor. Let us consider mj ~ "13/2 ~ 500 GeV for our 
discussions. The constraints from /i — > e"f and the 
electron EDM are: \{S[ 2 ) LR \ < 0.7-1.9 x 10~ 5 and 
\lm(S l u ) LR \ < 1.5-3.5 x 10" 6 for 0.4 < m?/m? < 5.0 
|p!l| . Our estimates on these mass insertion parame- 
ters are (S[ 2 )lr ~ m 3/2 m f _ l V^ fl /m 2 - 2.1 x 10~ 4 V„ cAI 
and (8ii)lr ~ m 3 / 2 m e /m~ ~ 1.0 x 10 -6 . In the lack 
of our knowledge on the lepton mixing angles, we can- 
not draw a definite conclusion on the (i — > ej pro- 
cess. One possible choice is what is suggested by the 
small angle MSW solution to the solar neutrino problem, 
VJy cM ~ yjm e /m^ ~ 0.05. It is interesting that these es- 
timates of |(<5i 2 )l_r| and |Im(<5j_i ) i, | nearly saturate the 
bounds. 

In summary, we have reconsidered the possible super- 
symmetric contribution to e'/e. Contrary to the lore in 
the literature, we find that generic supersymmetric mod- 
els give an interesting contribution to e'/e, and it is even 
possible that it dominates in the observed value. We 
expect the neutron EDM to be within the reach of near- 
future experiments in that case. 
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TABLE I. Various estimates of e' /e in the literature. Two 
Buras' estimates use different values of the strange quark 
mass, m s (2 GeV) = 130 ± 20 MeV (QCD sum rule) and 
110 ± 20 MeV (lattice QCD). 



Reference 




Ciuchini @ 
Buras [5| 
Buras [5j 
Bertolini |J 


(4.6 ±3.0 ±0.4) ■ 10" 4 
(5.7 ±3.6) ■ 10~ 4 
(9.1 ±5.7) ■ 10 -4 

(irtio) • io- 4 



TABLE II. The values of the mass insertion parameters 
which saturate the observed numbers 

(Am K )susY = 3.521 x 10~ 12 MeV, {e)su S Y = 2.27 x HT 3 , 
and {t 1 /e)suSY = 2.8 x 10~ 3 for three values of x = m^/m^. 
They are based on Ref. |n| scaled to the current observed 
numbers. The squark mass is taken to be 500 GeV, and have 
theoretical uncertainties of at least a few tens of percents. 
Barring possible cancellations, the mass insertion parameters 
must be smaller than or at most comparable to the entries 
given here. 



ArriK x 


\Re(6f 2 ) 2 LL \i 


|Re(^ 2 )i fl 


5 \Re(8f 2 ) LL (8f 2 ) RR \i 


0.3 
1.0 
4.0 


0.019 
0.040 
0.092 


0.0078 
0.0044 
0.0053 


0.0025 
0.0028 
0.0040 


e x 






* \lm(S d 12 ) LL (8f 2 ) RR \i 


0.3 
1.0 
4.0 


0.0015 
0.0032 
0.0075 


0.00063 
0.00035 
0.00042 


0.00020 
0.00022 
0.00032 


e'/e x 


\lm(5f 2 ) LL \ 




|Im(<5? 2 )x, K | 


0.3 
1.0 
4.1 


0.10 
0.50 
0.27 




0.000011 
0.000021 
0.000065 
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